Introduction
Late Quaternary glacial/interglacial climatic fluctuations have altered deep ocean circulation patterns and global oceanic geochemical inventories [1-7 and references therein]. The record of these changes is preserved in the isotopic and chemical composition of shells of benthic foraminifera. The record at any single site is determined by changes in both global inventories and circulation-induced oceanic heterogeneity. The relative importance of these processes to paleochemical records has been controversial. For example, it has been suggested that the flux of North Atlantic Deep Water (NADW) relative to Antarctic deep water sources has: (1) nearly com-0012-821x/85/$03. 30 © 1985 Elsevier Science Publishers B.V.
pletely ceased [2, 17] , (2) diminished by about a factor of two [1] , and (3) changed little if at all [5] .
Resolution of this controversy requires global data on oceanic chemical distributions, so that variations due to changing inventories can be distinguished from those due to changing ocean circulation patterns. A first pass at this problem requires data from the Atlantic and Pacific, since these oceans represent the extremes of oceanic chemical fractionation. Therefore, new data for deep water nutrient-linked tracers (Cd/Ca and 813C in benthic foraminifera) from cores in the western North Atlantic and Equatorial Pacific were obtained to assess mechanisms contributing to paleoceanographic chemical variability.
Core selection
The Atlantic core (Chain 82, Station 24, Core 4PC; 41°43'N, 32°51'W; 3427 m) has been the subject of previous studies including a few 14C dates, 23°Th dating, and foraminiferal micropaleontology [8] [9] [10] . The core was raised on August 6, 1968 ; there was a void interval between 347 and 380 cm (using the depth markings on the core liner in which the core has been stored) apparently resulting from mechanical fracturing of the sediment during the coring process due to incomplete penetration. At the time of splitting this void was described as a "missing" interval. Previous publications do not mention this gap; time-stratigraphic correlations of their data with our 6180 record indicate that previously reported depths appear to be estimates of contiguous core sample rather than those indicated on the core liner. The oxygen isotope record ( Fig. 1) shows no evidence for a stratigraphic gap in this section. The data reported here is given relative to the notation on the original core liner; this is done to minimize offsets during future resampling. To compare our data with that of the previous literature, it is necessary to subtract 32 cm from depths greater than 347 cm. Correction for shrinkage during drying (perhaps about 3% relative to the core liner depths) may also be necessary. Earlier publications also refer to this core by station number rather than by core number (i.e., . This study utilizes Uvigerina spp. for the Cd/Ca data, except in the upper portion of the core where C. kullenbergi is used. Uvigerina are scarce in oxygen isotope stage 5e (the last interglacial period) in this core; one should therefore regard the stage 5e cadmium data with some reservation due to bioturbation.
A shorter section covering the last 30,000 years from another Atlantic core (Chain 82, Station 50, Core 20; 43°29.9'N, 29°52.0'W; 3070 m) with a higher sedimentation rate was also studied to determine if bioturbational smoothing of the above core was a significant problem, and if different species of benthic foraminifera provide consistent signals. The top of the piston core (PC) was lost in the coring process, so the pilot gravity core (PG) was spliced with the piston core at a point where oxygen and carbon isotope values coincided. This composite core has a sedimentation rate of about 5 cm/kyr. 613C was analyzed both in samples of C.
wuellerstorfi and Uvigerina spp., while Cd/Ca was analyzed in samples of these species as well as C.
kullenbergi.
The Pacific core (Knorr 73, Station 4, Core 3PC; 0°22'S, 106°11'W/ 3606 m) was collected for heat flow measurements and no previous stratigraphic work had been undertaken. The core was chosen on the basis of appearance and preliminary calcium carbonate data. Oxygen isotope data indicates good recovery of Holocene and late Pleistocene sections. The oxygen isotope record is similar to other cores for the most of the older portion, but there is an interval between early 6aSO stage 2 and late stage 5d which is not recognizable in terms of the standard global oxygen isotope stratigraphy [11] . Chemical and isotopic data for this section of the core are reported but excluded from interpretation. The disappearance of pink Globigerinoides ruber [12] between 300 and 320 cm in this core establishes that the interglacial peak below this confused zone is stage 5e. Because benthic foraminifera are scarce in many parts of this core, the cadmium data is reported as averages of all analyses within a depth interval comprising several individual sediment samples. The cadmium data from this core is based exclusively on Uvigerina spp., although analyses of three other species in the upper portion give results that are compatible with the data from Uvigerina spp.
Both cores were sampled in contiguous 3 cm intervals. The outer few millimeters adjacent to the core liner were removed and discarded. Samples were disaggregated in distilled water on a shaker table and wet-sieved at 150/lm. The samples were picked for the specific genera "semiquantitatively"; i.e. all of the individuals seen in a single pass through a sample were removed and counted. Repicks of some samples indicated that this procedure usually yielded most of the desired species; those individuals missed in the first pass are usually small and would not contribute much to the analytical results. Dried fine and coarse fractions were weighed so that absolute abundances per 137 gram could be estimated. Isotope data in both cores is based on C. wuellerstorfi with a few supplementary analyses of C. kullenbergi and Uvigerina spp.
Analytical methods
Oxygen and carbon isotope analyses were carried out with slight modifications of methods reported previously [1] . Analytical precisions are better than 0.1%o for 81SO and 813C. Data relative to the reference gas was converted to PDB assuming NBS 20 61~O = -4.18%o and 813C = -1.06%o [13] . For this data set the full corrections recommended by Craig [14] are applied; this correction was not applied in a previous study [1] so there are slight offsets between these data sets. The correction is largest at periods of most positive 8180 (glacial intervals); the corrected results are -0.10%o lower in 813C than the uncorrected results at the glacial maximum.
Samples (0.2-0.5 mg before cleaning) are analyzed for Cd/Ca by a modification of the method first reported by Boyle [15] . The method has been altered considerably so a complete description is given in Appendix 1. Precision has been assessed by multiple measurements of standard solutions and by replicate analyses of samples. The relative standard deviation is a function of the concentration; small samples are imprecise with the error decreasing to a limiting precision at the optimum sample size. 53 analyses of a solution containing 3.2 pmol/ml cadmium and 17.3 /~mol/ml calcium had standard deviations of 3.4% for Cd and 1.5% for Ca. Precision of replicate graphite furnace injections is usually better than 2% for Cd. Independent pickings of foraminifera from the same core sample show poorer reproducibility than replicates of standard solutions. This difference is partially due to bioturbation, since real samples contain a mixture of individuals which lived at different times [16] . Lack of perfect replicability also may be due to imperfect cleaning. In cores with high sedimentation rates, minimal temporal variability, and little manganese carbonate overgrowth, precision approaches that of standard solutions, implying that imperfections in the cleaning procedure are not generally a problem. Estimated precision of a single measurement on real samples of optimum sample size (about 0.4 mg) is 5%. On average, 3-4 replicates were run for each reported data point, thus the precision of the data should be about 2.5-3%. Accuracy should be as good as precision, but for various reasons Cd/Ca ratios may have slight systematic biases. To compensate for potential bias, 1 kg of standard solution (henceforth referred to as ARS-1) was prepared so that adjustments could be made if higher accuracy is required in the future. 64 analyses of this reference standard during the period when these samples were analyzed gave Cd/Ca = 0.185 + 0.006/~mol/mol (lo std. dev. of population).
Finally, no trace metal analysis is free from the possibility of occasional contamination. During the period these samples were analyzed about 5% of the analyses fell high of trends in the data and of replicate samples from the same core sample. These analyses are excluded from means, but such exclusion is noted in the data tables. Samples which would be erroneous for known causes are not reported: e,g. (1) the sample is too small; samples containing less than 3.3 /~mol/ml of Ca are always rejected while samples between 3.3 and 6.6 ~tmol/ml are retained only if consistent with replicates or trends in the data, (2) sloppy handling, or (3) excessive manganese carbonate overgrowth.
Core data
Chemical and isotopic data for these cores are displayed in Figs. 1 Since benthic foraminifera undergo large abundance changes, problems due to biological sediment stirring are magnified [19] . In regions of rapid abundance changes, data from different species can appear to have spurious phase shifts relative to one another. In zones where abundance is low, reworking of individuals from elsewhere could result in loss of amplitude (at best) and spurious peaks (at worst). In order to enable evaluation of these effects, abundance data for benthic foraminifera are presented in Figs 4. Two zones of low abundance in particular should be noted: Uvigerina spp. in stage 5e of the Atlantic core (the cadmium record) and C. wuellerstorfi in late stage 6 (isotope record). These sections of the cores are likely to miss the true extrema. The chronology in these cores is based on the oxygen isotope records as correlated to radiometrically-dated events. The depth-age assignments are shown and described in detail elsewhere [20] . Plots of the Atlantic and Pacific records vs. estimated age are shown in Fig. 5 .
The discussion relies on the observation that Uvigerina spp. and C. kullenbergi incorporate cadmium into their shells in proportion to the amount in deep waters overlying a site. This relation has been established by studies of core tops, which indicated a proportionality constant D = 2.0 +_ 0.4, lo [21] . The uncertainty more likely reflects geological error in finding modern benthic foraminifera rather than true variability in D;
nonetheless, it should be kept in mind that there is some uncertainty over the degree to which benthic foraminifera are precise recorders of bottom water chemistry. The core top values for CHN82 Sta 24 Core 4PC and KNR73 Sta 4 Core 3PC are 0.074 and 0.172 ~mol/mol, respectively. Using the P concentrations at these depths for the nearest GE-OSECS stations (Atlantic station 27, P at 3441 m = 1.19 ~mol/kg; Pacific station 339, P at 3597 m=2.44 /~mol/kg) and the slightly different Pacific and Atlantic Cd-P relations summarized by Bruland [22] , these core top values correspond to D = 2.55 and D = 2.21 respectively. The data fall within the envelope of the data of Hester and Boyle [21] . Since these cores have documented stratigraphies where geological problems are minimal, it is reassuring that D estimates for these cores are within 7% of their mean, comparable to the error of the analyses. Uncertainty in benthic foraminiferal response to bottom water chemistry also applies to carbon isotope data, perhaps with more force: there is particular concern over the cause of the 0.7-1.1%o offset between C. wuellerstorfi and Uvigerina spp.
[23]. In order to assess potential problems associated with these offsets, a number of coexisting pairs of these species have been analyzed. In particular, in the North Atlantic core CHN82 Sta 50 Core 20, the two species were analyzed for both Cd/Ca and 613C wherever they coexisted during the latest Pleistocene section of the core (Fig. 6 ).
C. kullenbergi, C. wuellerstorfi, and Uvigerina spp.
do not appear to have differential fractionation for Cd even though they have significant offsets in oxygen and carbon isotopic ratios. Offsets could result either from metabolic differences between species or from the influence of sedimentary pore water chemistry on shell chemistry [26] . If sedimentary pore water influence were the sole reason for inter-specific differences, one would expect similar differences for carbon isotopes and cadmium, since both of these tracers resemble nutrient distributions in sedimentary pore waters [24 26 ]. The data shown in Fig. 6 clearly rules out a pore-water-only explanation for species offsets in this mid-ocean core; the larger portion of the 141 6'-~C offset between these species must be due to metabolic effects. It is becoming apparent that C.
wuellerstorfi and Uvigerina spp. show inconsistent downcore 613C offsets [6, 7] ; this difference also has been attributed to near-surface productivity variations [27] . N.J. Shackleton 
Global chemical inventory shifts
Variability in cadmium concentrations and 8~)C at a site can be caused both by changes in the global oceanic averages and by changes in deep ocean circulation patterns: ~13C also may be altered by variations in the mean oceanic phosphorus concentration [28] . In principle, evaluation of contributions from global intentory change requires data from throughout the ocean. In practice, a reasonable approximation can be obtained from representative cores from the western North Atlantic and central Pacific ocean. At present, the Pacific shows only slight chemical gradients because of effective lateral advection and mixing [29] . Carbon isotope data from the eastern Equatorial Pacific [2] through the open Equatorial Pacific (this work) to the western Equatorial Pacific [30, 31] show similar 613C changes between core top and glacial maximum, indicating that the Pacific was also relatively chemically uniform during the most recent glacial period as well. Although the Atlantic is heterogeneous at present [32] , and appears to have been more so in the most recent glacial period [3] , the glacial western North Atlantic always represents nutrient-depleted deep water [1] . Since the Pacific dominates the average in any event, an analysis based on core data from the western North Atlantic and Equatorial Pacific is adequate for preliminary assessment of chemical inventory shifts.
Average deep water values for benthic foraminiferal Cd/Ca and 613C have been computed for several time intervals, including two adjacent pairs of full glacial/interglacial transitions (Table  1 ; Fig. 7 ) (stage 5e was not included because of scarcity of adequate benthic foraminifera for Cd/Ca analyses and the potential for errors due to bioturbation). The global average is calculated using the volume-weighted relation:
Oceanic average = 3 × (Pacific value) + 1 x (Atlantic value)
(3+1t
Applying this calculation to the present-day phosphorus concentration of bottom waters above these sites gives an average oceanic phosphorus concentration of 2.1 /~mol/kg, which compares favorably with the value of 2.25 ~amol/kg based on averaging of extensive GEOSECS data [33] . Also, mean oceanic glacial/interglacial 613C contrasts obtained from this formula are similar to estimates for the isotope stage 5/6 contrast based on more extensive data [4] . The data for these periods have been examined in different ways to test the robustness of the estimates:
(1) 8~SO extrema were chosen and corresponding 613C and Cd/Ca data for this depth were used. This method has the advantage of objectivity but the disadvantage of susceptibility to analytical and other random error sources. It also does not allow for an error estimate apart from purely analytical considerations.
(2) Individual analyses within a narrow range of depth interval were averaged. Since any single data point contains some analytical and geological error, this method provides an improved mean and a standard deviation for assessment of statistical significance. Although choice of depth interval is subjective, there is likely to be little controversy over these choices.
(3) The depth range of method 2 was adopted but the averaged Cd numbers reported in Appendix 1 (i.e., averages of all replicates within smaller depth intervals) were weighted by the length of the analyzed section. This method corrects a shortcoming of method 2 caused by variable numbers of replicates for samples within the chosen depth range. Method 3 may provide a better timeweighted average for the depth interval when significant property changes are occurring over that time. This method has the disadvantage of giving equal weight to numbers of varying reliability.
Estimates from the three methods (Table 1 ) tend to agree within standard deviations estimated by method 2. Subjectivity and the method of averaging therefore are not critical, and method 2 probably gives a reasonable estimate for the uncertainties due to analytical and geological errors.
These averages and equation (1) are used to estimate the average carbon isotope and benthic foram Cd/Ca for deep water during glacial and interglacial periods. Data from CHN82 Sta 50 Core 20 PG, PC were not used in these calculations, although it is consistent with averages from core 4PC. Average oceanic deep water during the last glacial maximum was about -0.46 _+ 0.10 (2o formal errors) lower in 313C than during the latest Holocene. Average deep water 313C also appears to have been -0.50 _+ 0.10 lower in glacial late stage 6 relative to interglacial stage 7a. Average deep water benthic foram Cd/Ca during the last glacial maximum is calculated to be + 0.032 + 0.009 (+ 22%) higher relative to the latest Holocene; isotope stage 6 is +0.027 + 0.008 (+ 17%) higher than interglacial stage 7a. Estimates are not made for stage 5e because of the scarcity of benthic foraminifera used in the Cd analyses and the likelihood that mixing has obscured the true value.
A decrease in glacial 313C has been observed previously and attributed to variations in the amount of isotopically light carbon on the continents, either as trees and soils or as organic-rich marine continental shelf deposits [6, 7, 20] . Apparent change in the cadmium content of the deep ocean is observed for the first time in this work. Broecker [7, 34] proposed that if the carbon isotope changes are due to transfers of marine organic carbon on the continental shelf, then changes in the average deep water phosphorus and cadmium contents would be observed, although the glacial to interglacial inventory change estimated here (+22%) is less than Broecker hypothesized ( + 42%). The changes in global Cd inventory could be due to the mechanism envisioned by Broecker (with reduced amplitude), but the data do not provide insight into the mechanism of inventory fluctuation, but rather only provides an estimate of the magnitude.
It would be inadvisable to regard the exact value of cadmium change too seriously, since the proportional change is small and the estimate will be revised as more data accumulate. Nonetheless, the fact that a shift of similar magnitude is observed in two glacial/interglacial transitions suggests that small but significant changes in the oceanic inventory of cadmium (and therefore perhaps also phosphorus) are possible. It would be difficult to reconcile these data with the magnitude of change proposed by Broecker, however, since this scenario would require the Pacific estimate to be 20% low relative to the hypothesized value. It is unlikely that a signal of this magnitude would be missed; preliminary work on benthic foraminifera from 2 other cores in the Pacific do not indicate higher glacial Cd/Ca values than observed here.
Changes in Atlantic deep ocean circulation patterns
Modern oceanic distributions of 6~3C and Cd reflect the interaction of large-scale deep water circulation with biological cycling. Low-cadmium, ~3C-enriched deep water is formed by cooling waters of subtropical origin at high latitudes in the North Atlantic. This water mass spreads south within a broad depth range centered at about 3000 m. In the North Atlantic, waters low in Cd and more positive 813C are indicative of southwardspreading North Atlantic Deep Water (NADW), and waters high in Cd and of more negative 313C are indicative of northward-spreading Antarctic Bottom Water (AABW) and shallower Antarctic Intermediate Water (AAIW). Detailed analysis of hydrographic properties allows further subdivision of modern water masses, but we are unlikely to be able to make fine distinctions from paleoceanographic data. In the Pacific, as remnants of NADW (and less nutrient-depleted Antartic Bottom Water) age along the flow path, slightly higher Cd and more negative 813C are observed [22, 29] .
Various lines of evidence suggest that major changes have taken place in deep ocean circulation patterns over the late Quaternary, particularly for the NADW. The extent of NADW diminishment during glacial periods has been controversial, with estimates ranging from nearly complete cessation [2, 18] , about a factor of two diminishment [1] , to little or no change [5] . The data presented here shows that the western North Atlantic has remained nutrient-depleted relative to the Equatorial Pacific at all times over the last 250,000 years. This conclusion differs from that of Shackleton et al. [2] who presented carbon isotope data indicating no carbon isotope fractionation between the oceans during glaciation. Shackleton et al. utilized Uvigerina spp. in their analyses, which shows a different response than C. wuellerstorfi which is used for 313C in this study. It seems likely that the different conclusion they reached is a consequence of using a less-reliable species of benthic for-145 aminifera (for 813C) and their continental-margin core location (which appears to enhance variable metabolic offsets in Uuigerina 813C). Cd/Ca in C. wuellerstorfi and Uuigerina spp. and 313C in C. wuellerstorfi all indicate that the central western North Atlantic has always been nutrient-impoverished relative to the eastern Pacific during at least the last 215,000 years. Some confidence can be placed in this conclusion since it is based on concordant evidence from different tracers.
The extent of chemical fractionation between the oceans has varied significantly, however. Fig. 7 illustrates chemical changes for two glacial/ interglacial transitions. Variability at a core site through time is due both to changes in the global inventory and circulation-driven redistribution between basins. A dimensionless circulation parameter ~b is defined as:
where Cd is the cadmium content of water at a site and C--c] is the mean oceanic cadmium concentration at the time. ~b depends on ocean circulation patterns but not on changes in global chemical inventories. It can be shown (using an extension of an analysis developed fully elsewhere [28] ) that the fraction of the total cadmium change at a site due to circulation is:
aCd
__ ++a~k
Cd where A+ and ACd are the observed differences in ~b and Cd, at a site, and ~b and Cd are the initial values. A relationship apportioning 813C variability can be derived by similar reasoning. Changes in Cd/Ca and 813C between latest Holocene and last glacial maximum are indicated in Fig. 7 and apportioned as per the above formula. Carbon isotope variability in both oceans is dominated by global average 813C. In the Atlantic, changes in 8a3C due to ocean circulation are countered by an opposing contribution due to variation of global mean phosphorus (assuming that variations in global mean phosphorus concentration are linked to those of cadmium). Atlantic Cd/Ca variability is dominated by changes in deep ocean circulation patterns, with a significant contribution from changes in the oceanic mean. For both tracers, Pacific variability is dominated by the global mean, with small contributions due to ocean circulation. Boyle and Keigwin [1] devised a simple model for the chemical composition of NADW. From Cd/Ca data, and assuming that the cadmium inventory remains constant, it was estimated that glacial NADW flux (FD) was 50% lower than at present relative to the flux of nutrient-enriched southern-source waters (Fss) as calculated by the formula as a recorder of bottom-water 6~3C, as discussed previously; this problem is highlighted by the large discrepancy between the signals from this species in two nearby cores (V30-97 and CHN82 Sta 50 Core 20 PC, PG). If the 613C data from this species is discounted, their objections to a reduced NADW flux are eliminated. Mix and Fairbanks also argued that the nutrient contrast between the oceans might not require a net export of water from the Atlantic to the Pacific since "the residence time of deep water within the small Atlantic could be less than in the large Pacific" and therefore the nutrient content of the southern source water might thereby be augmented more in the Pacific than in the Atlantic by the accumulated decomposition of biological debris. This scenario begs the question of where the nutrients come from; i.e., since all the biological debris is formed by upwelling deeper waters to the surface, biological recycling is not a net source of nutrients to the deep water. It would be possible to postulate a complex three-dimensional circulation in which the Atlantic only received an input of southern source water and then exported intermediate water to the southern ocean (thereby losing nutrients, since most biological decomposition occurs in the upper waters of the ocean). In part, this is just a semantic distinction, since the definitions distinguishing intermediate water formation from deep water formation are arbitrary. Furthermore, there is no evidence for such a process, and it seems more reasonable to presume that the intermediate water circulation was similar to that of the modern ocean until and unless evidence to the contrary is found.
Mix and Fairbanks [5] also proposed that increases in the nutrient content of deep North Atlantic waters could be caused by an increase in the preformed-nutrient content of sinking NADW; if so, the flux of NADW could have remained constant. They admitted that this scenario was weakened by their data on the carbon isotope composition of planktonic foraminifera in the Greenland Sea which is similar to the record of variation in the global average carbon isotope composition, suggesting that there have not been major changes in pre-formed nutrients. In fact, their data demonstrating little difference between global and pre-formed 6~3C is a more subtle constraint. Their contention that only the forest/soil portion of global 613C change should be subtracted from the high-latitude planktonic 6~3C signal is incorrect. Extending the formal relations between oceanic phosphorus and carbon isotopes discussed elsewhere [28] , it can be shown that:
where R is the A6.13C/AP ratio in deep water, P is the mean oceanic phosphorus content, 613C is the mean oceanic 613C, and the subscript pf signifies the preformed concentration. If there is no significant change in the preformed carbon isotopic composition, then preformed phosphorus could only change in parallel with mean oceanic phosphorus; mean phosphorus variations of the magnitude required to explain all of the deep North Atlantic paleonutrient signal (nearly a factor of two as determined by Cd/Ca) seem unlikely, as it would have drastic (and unobserved) consequences, for atmospheric carbon dioxide [7, 34] . On the other hand, since the inventory estimates discussed above suggest that oceanic cadmium (and therefore perhaps also phosphorus) increased by 22% during glacials, and if in fact there was no change in Atlantic preformed 613C relative to the global mean, then preformed phosphate could have increased by as much as 0.4/~mol/kg.
Time-series analysis
It is apparent from the data that Cd and 613C variations are more complex than a glacial/ interglacial dichotomy. Some Cd/Ca and 613C values in isotope stage 3 are comparable to those of the Holocene, even though oxygen isotope values are always closer to glacial than interglacial conditions. There is also evidence for short-term events of a few thousand years duration. A midHolocene minimum in Cd/Ca appears in both of the North Atlantic records presented here; the simplest interpretation of this observation would be that deep water of the North Atlantic is already moving towards its glacial mode. This trend is not seen in the carbon isotope data, although this difference could result from changes in continental biomass which mask the circulation signal. There also is evidence for shorter-term events within the Pleistocene as well. In early stage 3 there is a well-replicated spike of low Cd/Ca (near a similar spike of low 8180). Numerous other short-term events can be seen in the records. Because spurious events could be induced by worm tubes or other sedimentary distortions, serious consideration of these short-term events must await confirmation in other sediment cores, preferably with higher sedimentation rates. One generalizable feature of the Pacific Cd data is the occurrence of peak Cd values on or slightly after glacial terminations. Such events are seen at the stage 9/10, 7/8, 5/6, and 1/2 boundaries. Although this appears to be a consistent feature of the data, there is no obvious explanation for this feature. Spectral analysis has been applied to the data in order to examine the frequency response, coherence and phase of the records with respect to variations in the earth's orbital parameters (Fig. 8) . The spectral analysis technique is described elsewhere [20] and is based on the FFT method. The presence of a strong 23 kyr precession-coherent signal in the carbon isotope records has been attributed to variations in tropical forest biomass linked to precession-induced changes in continental humidity [20] . There is no 23 kyr spectral peak evident in the Cd data; if a spectral peak comparable to that observed in the carbon isotope record [20] were present, then it would be observable in this time series. The absence of a 23 kyr Cd/Ca peak supports the contention that continental biomass is the mechanism leading to the peak in carbon isotope spectra, since other mechanisms that could affect 6~3C (deep water circulation and continental shelf carbon storage) would be expected to affect Cd as well. 613C in both oceans, and Cd/Ca in the Atlantic, show high concentration of spectral power at the 100 kyr period which appears in almost all paleoclimatic spectra. The Pacific Cd record (for the interval from 410 kyr B.P. to 115 kyr B.P.) shows no significant spectral peaks.
The Atlantic Cd/Ca periodogram shows a strong peak near the 41 kyr obliquity period (Fig.  8) . Although the record is too short for the statistics of this peak to be improved by band averaging, Cd/Ca is significantly coherent with obliquity in this frequency band (coherence= 0.979 where coherence for 90% confidence = 0.948). In this record, the average phase for Cd/Ca lags 112 _+ 25 ° behind that of obliquity; i.e. obliquity leads low Cd/Ca by 8 _+ 2 kyr (90% confidence limits). The 6~3C record is 180 ° out of phase with Cd/Ca in this frequency band; i.e., higher Cd/Ca and more negative 6~3C are precisely in phase, both lagging obliquity by 8 kyr. Since both #13C and Cd/Ca show periodogram peaks in this frequency band, it is probable that this variability in both tracers is driven by the same mechanism (either shelf carbon storage or deep water circulation patterns). In view of the previous discussion, the latter mechanism is more likely. 41 kyr peaks also have been reported previously in Cd/Ca data from the Rio Grande Rise [35] and from 6a3C on the Mid-Atlantic Ridge at 41°N [5, 36] . The data from CHN 82 Sta 24 Core 4PC establishes that there is an 8 kyr lag of low Cd/Ca and more negative 613C relative to peaks in high-latitude summer insolation. This can be compared with a zero phase-relationship between benthic 8~3C and high-latitude foraminiferal SST and CaCO 3 reported by Mix et al. [36] on their core from the same latitude. Other types of evidence and modelling will be needed to establish mechanisms linking obliquity to the deep ocean; further evidence from deep ocean time series will help to establish the spatial and temporal variability of this linkage.
Conclusions
The western North Atlantic has been nutrient depleted relative to the equatorial Pacific at all times over the last 215,000 years. From this evidence it is reasonable to infer that there has been a net flow of nutrient-depleted deep water from the Atlantic into the Pacific. There have been significant fluctuations in the intensity of this exchange, however, with evidence that NADW is modulated in part with a 41 kyr periodicity which lags high latitude insolation maxima by 8 kyr. The data presented here can be used to estimate that the glacial ocean had about 22% more Cd than at present and was depleted in ~3C by about 0.47%0; this estimate will be revised as further data is obtained but is unlikely to be in error by more than 20% for Cd or 0.2%0 for 813C.
are rinsed with 3 portions of distilled water, and then further cleaned by heating in two hot distilled water rinses (5 minutes each) followed by a final rinse in room temperature distilled water.
At this point samples are transferred to clean polypropylene centrifuge tubes (because the inner surfaces of the original vials become contaminated by adsorption during the cleaning process). Samples are ultrasonically rinsed 1-5 times for 30 seconds each time in 0.001N HNO 3 (the number of rinses depends on the initial sample size and the amount lost in the early cleaning stages) to remove any contaminants adsorbed on their surfaces. Occasionally, if high levels of manganese carbonate were expected [38] , the outer surfaces of samples were dissolved with 10 /~1 of 0.06N HNO 3. Samples are then rinsed with distilled water and dissolved in 50/~1 or more of 0.06N I-INO 3 using an ultrasonic bath to speed dissolution. Samples are tested for complete dissolution by a pH check (a few /d of solution placed on indicator paper should indicate pH < 4). Solutions are centrifuged for 5 minutes at 10,000g to remove residual particles, and analyzed for Cd by graphite furnace flameless atomic absorption spectrophotometry. 20 ~tl splits of these solutions are diluted to 5 ml (using a 10-3 M lanthanum solution in 0.05 M HCI+2Xl0 -3 M HNO 3 to minimize interferences from PH 3 in the acetylene [391) and then analyzed for calcium by flame AAS.
All containers were rigorously cleaned by procedures that have been described for trace metal analysis in seawater (e.g. see papers reviewed in [221). A clean air bench was used for all steps beginning with the fragment transfer to the final polypropylene vial; other standard trace element precautions were used throughout. Graphite furnace analysis was performed on a Perkin-Elmer models 5000/400 combination using normal non-pyrrolized graphite tubes and an atomization step with a one second ramp to 2400°C and peak height measurement. This choice of conditions was chosen after experimentation with alternate conditions (pyrrolitic tubes of several types, L'vov platforms, maximum power heating, and peak area mode) since this gave the best sensitivity and most freedom from interferences due to variations in the calcium concentration. There was still a small residual interference (<10%) on cadmium sensitivity depending on the calcium concentration of the final solution. This interference does not depend on the age of the graphite tube. To minimize the effects of this interference, the range of calcium concentrations encountered is limited by using dilute acid dissolution and gradually adding acid until the sample is dissolved. The standard was made up in a matrix with a calcium concentration in the middle of the range encountered. Finally, a small correction was applied for the variation of the sensitivity due to differences in the calcium concentration of the sample solution relative to the standards as determined for the analytical conditions described above.
Since manganese carbonate overgrowths many produce spurious Cd/Ca data, samples are checked for their manganese concentration. The determinations are carried out on 10 /~1 aliquots by GFAAS using a non-pyrrolized tube with 2400°C maximum power heating and peak height measurement.
